We experimentally demonstrate an optomechanical cavity based on an air-slot photonic crystal cavity with optical quality factor Q o ¼ 4.2 Â 10 4 and a small modal volume of 0.05 cubic wavelengths. The optical mode is coupled with the in-plane mechanical modes with frequencies up to hundreds of MHz. The fundamental mechanical mode shows a frequency of 65 MHz and a mechanical quality factor of 376. The optical spring effect, optical damping, and amplification are observed with a large experimental optomechanical coupling rate g om /2p of 154 GHz/nm, corresponding to a vacuum optomechanical coupling rate g *
Photonic crystal (PhC) slab is a versatile platform for optical device development and scientific observations.
1 By adding defects to photonic crystal slab or waveguide, ultrasmall-volume (V) cavities can be engineered to have an ultra-high optical quality factor Q. 2 The large Q/V ratio indicates a strong internal optical field, which enables strong on-chip light-matter interactions due to the optical nonlinearities, such as free-carrier dispersion and two-photon absorption. 3 In recent years, the field of cavity optomechanics has attracted extensive attention for investigation of lightstructure interactions. [4] [5] [6] Due to the improvement of microand nano-fabrication techniques, on-chip devices with unique geometries have been successfully demonstrated with well-coupled optical and mechanical modes, and much work has been done on actuation and cooling of their mechanical motions using optical pumps. 7 Compared with device platforms for microtoroid, microsphese, etc., PhC slabs are shown to be an attractive, flexible platform for developing integrated devices that support well-coupled ultrasmall high-Q optical modes and small resonant mechanical modes. 8, 9 The strong internal optical field of high-Q/V PhC cavities corresponds to a strong optical force with a low input optical power. The small size of the resonant mechanical device corresponds to a small physical mass or effective mechanical mass, which typically leads to a high mechanical frequency. The high mechanical frequency is important for reaching the sideband resolved regime, and is widely tunable by varying the geometrical parameters of the photonic crystal cavities. 10 The mechanical Q is another important factor for optomechanical applications which is proportional to the coherence time of the mechanical vibrations. It is possible to improve the mechanical Q of the PhC resonators by carefully engineering the anchor geometries to reduce the radiation losses.
In particular, it is suggested that the radiation losses can be eliminated by anchoring the PhC resonator to artificial materials with complete mechanical band gaps covering the mechanical resonances. [11] [12] [13] Furthermore, the optomechanical coupling rates g om of the reported photonic crystal cavities are high with well-overlapped optical and mechanical fields. 9, 10, 14 Among these cavities, the differential in-plane mechanical modes of the air-slot photonic crystal cavities show relatively higher optomechanical coupling rates since the optical resonant frequencies are very sensitive to the slotwidth variations. 15, 16 In our previous work, 15 we have theoretically investigated the dispersive optomechanical coupling in an air-slot mode-gap photonic crystal cavity. Here, we experimentally demonstrate the optomechanical properties of fabricated samples. With a large optomechanical coupling rate, the optical induced spring effect, damping, and amplification of the mechanical modes are observed with measurements in air. Behaviors above the parametric instability threshold are shown. Finally, the phase noise of the optomechanical oscillator is analyzed.
The air-slot optomechanical cavity used in these experiments is similar in geometry to the one examined in our former work. 15, 17 An air-slot is created along a regular mode-gap cavity 18 and holes in the cavity center are shifted by a few nanometers. The device is fabricated in silicon-oninsulator (SOI) substrate with a 250-nm thick silicon layer on top of a 3-lm thick buried oxide layer. Electron-beam lithography is used to define the device in a 300-nm thick resist (ZEP520A) coating. After developing, the pattern is transferred onto the silicon layer by using plasma etching. The remaining resist is removed by the PG solvent remover. Finally, the device is air-bridged by soaking it in a 5:1 buffered oxide etchant for 7 min to remove the sacrificial oxide under the device. A scanning electron microscope (SEM) image of the fabricated sample is shown in Fig. 1(a) . After calibration, statistical analysis of the SEM image shows that the measured lattice period a is 525 nm, radius r is 0.375a, The simplified measurement scheme is shown in Fig.  1(c) . The light source is a high performance tunable laser (Santec TSL510 Type C, k ¼ 1500À1630 nm). The polarization state of the input light is optimized by using a polarization controller (PC). The device under test (DUT) is probed by a single-mode fiber taper with a single loop created at its thinnest region. The diameter of the loop is around 70 lm. To tune the coupling strength, the lateral taper-cavity distance is adjusted gradually with a step resolution of 25 nm. The looped fiber taper is then loaded on one side of the device as shown in Fig. 1(b) . It is necessary to anchor the taper to the device to avoid fiber-taper oscillations due to the optical force when the laser wavelength is swept across the optical resonances. The optical transmission is monitored by a fast detector (New Focus Model 1811) and a slow detector simultaneously. The radio-frequency (RF) signal from another fast detector (New Focus Model 1611-AC) is analyzed by a power spectrum analyzer (PSA, Agilent E4440A) and an oscilloscope. The phase noise of the optomechanical oscillator is measured by a phase noise analyzer (Agilent E5052B) which employs the cross-correlation technique. Fig. 1(d) shows the optical transmission measurement with two cavity modes examined. The high-order mode is a relatively delocalized mode at 1575.49 nm. The fundamental mode with resonant wavelength of 1587.645 nm is the expected high-Q mode based on the mode-gap effect. The measured loaded quality factor Q tot is 32 900 and the intrinsic quality factor Q int is 42 000. A three-dimensional finitedifference time-domain (FDTD) simulation, 19 with the refractive index of silicon n si ¼ 3.4, shows that the resonant wavelength for this mode is about 1584.95 nm, which matches our measurement very well. The theoretical intrinsic optical quality factor is higher than 1.3 Â 10 6 . The measured Q int is much less than the theoretical Q, and is limited by the fabrication quality and surface-state absorption. 16 The optical mode volume is about 0.051(k/n air ) 3 . The electrical field intensity of the cavity mode is also shown in Fig. 1(d) . The maximum field intensity is located at the cavity center in the air slot. Due to its field distribution feature, the fundamental optical mode is well coupled with the selected differential in-plane mechanical modes, which will be shown later. Fig. 1 (e) shows the measured RF power spectrum density (PSD) with incident power of 81 lW at the blue detuning of the fundamental optical mode. The resolution bandwidth is 10 kHz. Four major peaks are shown with frequencies of 65.68 MHz, 131.22 MHz, 196 .93 MHz, and 225.97 MHz. The first peak clearly indicates the fundamental mechanical mode, while the second and third peaks indicate its second and third harmonics, respectively. The high-order harmonics reflect the nonlinear optomechanical transduction from the Lorentzian optical lineshape. The mechanical modes are identified by using the finite-element method (FEM). In the frequency range up to 320 MHz, over 60 mechanical modes are obtained which are classified into three kinds: in-plane, out-of-plane, and twisting modes. Each kind is composed by mode pairs of differential and common motions. The mechanical modes detected by the optical method are the modes with relatively large coupling with the optical mode. The optomechanical coupling rates g om ¼ dx o /dx are inversely proportional to the optomechanical coupling lengths. For the Fabry-Pérot cavity, g om is easily determined by the cavity length. For complex cavity geometries such as the one examined here, g om is derived by using a perturbation theory for Maxwell's equations with shifting material boundaries and calculated with the non-perturbed optical and mechanical fields. 20, 21 For the slot-type cavity here, the resonant optical 2012) frequency is strongly dependent on the slot width. Thus, the differential in-plane mechanical modes with relatively larger displacements at the cavity center have larger optomechanical coupling rates. As is expected, two of these modes are founded at frequencies 64.82 MHz and 231.41 MHz, which match very well with the experimentally observed major peaks. These two in-plane mechanical modes exhibit modeled optomechanical coupling rates of g om /2p ¼ 564 GHz/nm and 393 GHz/nm, respectively, which are at least 50 times larger than the other mechanical modes. Their displacement fields are shown in Fig. 1(e) . The fundamental differential in-plane mechanical mode has an effective mass of 6.11 pg and an effective mechanical volume of 2.62 lm
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. The vacuum optomechanical coupling rate g * /2p is 2.59 MHz which is large even for photonic crystal structures. In above simulations, density of silicon is 2.329 Â 10 3 kg/m 3 , Poisson's ratio is 0.28, and Young's modulus is 170 GPa. 22 The fundamental differential in-plane mechanical mode is selected for studying the optomechanical dynamics. Fig.  2(a) shows the optical transmission by the slow detector under different incident powers. As the power increases from 5.1 lW to 162.2 lW, the optical bistability arises mainly due to the two-photon absorption (TPA). 3 The optical modification of the Brownian mechanical vibrations is measured by sweeping the incident wavelength across the resonance. As an example, Fig. 2(b) shows the obtained two-dimensional (2D) map of the RF PSD with the incident optical power of 51 lW. The wavelength is tuned with a 1 pm step. The RF PSD is given at each step. The blue detuning side and the red detuning side are separated by the zero-detuning line, where the RF signal is modulated in phase rather than in amplitude. The optical spring effect is shown with obvious increased mechanical frequency at the blue detuning side for this 65 MHz resonator. In the measurements, an incident power as low as 5.1 lW is able to introduce an observable mechanical frequency change due to the optical force. The 2D RF PSDs are analyzed and summarized for different incident powers in Fig. 2(c) . The linewidth and frequency are extracted for the detuning with maximized optical spring effect. For powers more than 32.2 lW, there are bends on the curves for the red side detuning due to the difficulty of setting the laser wavelength to the theoretical optimal detuning. Using a linear fit of the non-bended parts of the curves, it is obtained that the intrinsic mechanical frequency X m /2p is 64.99 MHz and the cold cavity mechanical quality factor Q m is 367. Furthermore, the experimental optomechanical coupling rate is also obtained with g om /2p ¼ 154.1 GHz/nm, correspond to a vacuum optomechanical coupling rate of g * /2p ¼ 707.2 kHz. The discrepancy between the modeled and experimental optomechanical coupling rates is believed to be due to the coupling with the adjacent flexural mechanical modes.
16 Fig. 2(d) shows the measured and fitted RF PSDs for a red detuning point (P1) and a blue detuning point (P2) as indicated in Fig. 2(c) . For P1, the mechanical frequency decreases by 345 kHz, and the Brownian motion of this mechanical mode dampens with an effective Q m of 282.4. On the contrary, for P2 the mechanical frequency increases by 730 kHz, and the Brownian motion is amplified with a Q m of 1358.3. The above observations show that the picogram slottype cavity has a large optomechanical coupling rate which is of key importance for optomechanical studies. In addition, the mechanical frequencies for devices with different lengths and PhC lattice constants vary between 50 MHz to 120 MHz in the experiments. 
With a proper high input power, the optomechanical cavity starts to oscillate periodically when the intrinsic mechanical energy dissipation is overcome by the optical amplification. Fig. 3(a) shows the optical transmission for an input power of 520 lW by use of an oscilloscope. The blue line is obtained by the fast detector (New Focus Model 1811), and the red curve is obtained by using a low-pass filter with a cutoff frequency of 1.9 MHz. The optically driven oscillations rise suddenly near the wavelength 1587.65 nm which indicates the above-threshold behavior. 23 The filtered signal shows a sudden drop at that wavelength as seen in Fig. 3(a) . In Fig. 2(c) , the trend of linewidth for the blue detuning indicates a threshold power slightly higher than 100 lW with optimized detuning. This is confirmed by a series of sweptwavelength measurements with different incident powers. In Figs. 3(b) and 3(c) , the transmission oscillations in frequency and time domains are given by using a low-noise fast detector with 1 GHz bandwidth (New Focus Model 1611-AC). It is shown that the detuning gets smaller, the second harmonic get relatively stronger, and a second peak is rising in a single oscillation period. It indicates that the resonant optical frequency shift induced by optical pump gets comparable to the optical resonance linewidth. The effective real-time resonant wavelength is smaller than the incident wavelength for a certain time in a period, which is shown by the normalized realtime detuning in Fig. 3(c) . By using a higher incident power, the nonlinearity of the optical power oscillations will get stronger due to a larger amplitude of the sinusoidal mechanical vibrations. An example with 1.3-mW input power is shown in the bottom panel of Fig. 3(b) . Harmonics with frequency up to 1 GHz are observed. The lineshape and spectrum show the dynamic interactions of the internal optical cavity field with the mechanical movement for different detuning and incident power, which is accurately described by temporal coupled-mode theory. 15, 24 With the above-threshold condition satisfied, the optomechanical cavity is viewed as a self-sustained close-loop oscillator which can be utilized as a photonic clock. The amplitude noise is suppressed above the threshold due to the inherent amplitude-limiting mechanism present in harmonic oscillators. 25 The phase noise in the system is measured with phase noise analyzers for high-precision estimation of the short-term linewidth and can be explained with Lesson's model. 26 In this model, there is always a 1/f 3 region at small frequency offsets due to 1/f noise. After the corner frequency is the 1/f 2 region due to the white frequency noise which reflects the measurement limitations. 27 Here, the phase noise analyzer (Agilent E5052B) employs a two-channel crosscorrelation technique for accurately analysis of the RF signal carried by the transmission light. In Fig. 4 , the typical phase noise versus offset frequency is obtained with an input laser power of 1.3 mW. By fitting with a piecewise function following the Lesson's model, it shows that the corner frequency is 25.4 kHz. For offset frequencies less than 25.4 kHz, the 1/f 3 dependence is predominantly related to relatively slow environmental vibrations. For offset frequencies larger than 25.4 kHz, the 1/f 2 dependence is related to intrinsic properties of the oscillator. We note that the fitting for the 1/f 2 region shows an averaged dependence rather than a well-matched dependence. The averaged dependence is possibly due to the noise contamination by coupling to nearby low-Q mechanical modes since the feedback loop of optomechanical oscillators is inherent. The anchored fiber taper also adds noise to the system. 27 Assuming a 1 MHz offset point in the 1/f 2 regime, the phase noise of 117 dBc/Hz corresponds to a short-term linewidth of 12.5 Hz. The root-meansquare (RMS) timing jitter integrated from 1 kHz to 1 MHz offset frequency is 758 ps with major contributions from 1 kHz to 10 kHz. The RMS timing jitter from 10 kHz to 1 MHz is about 81 ps. In future experiments, the phase noise performance of the current optomechanical oscillator will be improved by further engineering the mechanical Q and taking measurements in a more stable environment such as a vacuum chamber.
In conclusion, we have experimentally demonstrated the optomechanical behaviors of a slot-type high-optical-Q 
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PhC cavity in air at room temperature. The optical and mechanical simulations match the experiments well. The optomechanical coupling rate between the selected mechanical modes and optical modes is quantified at g om /2p ¼ 154 GHz/nm. With the large optomechanical coupling, the optical spring effect, optical damping, and amplification of the mechanical mode are all clearly exhibited. In the above threshold regime, time-domain oscillations are observed and the phase noises are analyzed. The device is shown to be a promising candidate for studying optomechanical dynamics and applications. Further experimental study will focus on improving the optical Q by optimizing the fabrication process and the mechanical Q m by modifying the anchor geometry. 28, 29 The measured mechanical frequency is widely tunable by varying geometrical parameters. Additionally, it has the potential to be improved for more challenging tasks such as side-band resolved cooling of the mechanical modes and work as a low-power lownoise photon clock. 
